background: Before a spermatozoon can fertilize an oocyte it must undergo a cascade of biochemical and physiological changes that facilitate its binding and penetration into the oocyte. Epididymal protease inhibitor (eppin) has been found to play a critical role in male fertility through an immunological approach.
Introduction
Although freshly ejaculated mammalian spermatozoa appear to be morphologically mature, they do not have the ability to fertilize an oocyte (Yanagimachi, 1994) . Spermatozoa must undergo a series of changes collectively called capacitation in order to fertilize the oocyte (Harrison, 1996) . Sperm capacitation is a multistep process that involves modifications to plasma membrane lipid composition, increased permeability to ions, acquisition of hyperactivated motility and an increase in the phosphotyrosine content of specific sperm proteins Emiliozzi and Fenichel, 1997; Leclerc et al., 1996 Leclerc et al., , 1997 Visconti et al., 2002) .
Capacitation is an obligatory prerequisite for spermatozoa to undergo the acrosome reaction (AR). The AR is a regulated and irreversible process triggered upon binding to the zona pellucida of the oocyte. In vitro the AR can be induced in capacitated spermatozoa by incubation with solubilized zona pellucida proteins, progesterone or calcium ionophore A23187 (Tesarik, 1985; Leyton and Saling, 1989; Furuya et al., 1992; Aitken et al., 1993; Brucker and Lipford, 1995; Liu and Baker, 1996a, b) . The ensuing signal transduction cascade invokes a host of enzymatic activities and an elevation in the cytosolic calcium concentration, subsequently leading to dispersion of F-actin and the fusion of the plasma and outer acrosomal membranes, which culminates in acrosomal exocytosis.
Numerous reports have demonstrated that a variety of proteins are expressed on the surface of mammalian spermatozoa and involved in the process of fertilization (Talbot et al., 2003) . The epididymal protease inhibitor (eppin) is one of these proteins (Richardson et al., 2001) . Eppin (SPINLW1; serine peptidase inhibitor-like with Kunitz and WAP domains 1) is specifically expressed and secreted in the epididymis and testis and is localized on the surface of ejaculated human spermatozoa (Richardson et al., 2001; Wang et al., 2005) . Immunization of male Macaca radiate monkeys with eppin results in effective and reversible male infertility (O'Rand et al., 2004) . Further studies have found that eppin is bound to semenogelin I (Sg) in seminal plasma and on the surface of human spermatozoa following ejaculation (Wang et al., 2005) . Anti-eppin antibodies prevent normal eppin-Sg interaction, which may be responsible for the observed male infertility (O'Rand et al., 2006) . Therefore eppin has an important role in the maturation and pre-fertilization preparation of spermatozoa before ejaculation.
Although eppin is specifically expressed on the surface of human ejaculated spermatozoa, no information about eppin expression on capacitated or ionophore-treated spermatozoa has been reported. In addition, there are no reports on whether eppin modulates the fertilizing capacity of spermatozoa en route to fertilization after ejaculation. The aim of this study was to determine whether eppin is present on capacitated and acrosome reacted spermatozoa, which would provide important new information on eppin's role during fertilization. Additionally this study investigated the effect of anti-eppin antibodies on the human sperm AR.
Materials and Methods
Approval for this study was granted by the ethics committee of Nanjing Medical University (China) prior to sample collection.
Semen preparation
Semen samples were obtained by masturbation from normal donors after 2 -3 days of sexual abstinence. All samples had normal semen parameters according to WHO guidelines (1999) . The semen samples were allowed to liquefy at 378C for 30 min and motile spermatozoa were collected through discontinuous Percoll gradient centrifugation, followed by washing and resuspension in Biggers -Whitten -Whittingham medium [BWW; .114 mM NaCl, 4.78 mM KCl, 1.71 mM CaCl 2 , 1.19 mM KH 2 PO 4 , 21.58 mM sodium lactate, 5.56 mM glucose, 10 mM HEPES, 25.07 mM NaHCO 3 , 3 mg/ml fatty acid free bovine serum albumin (BSA), pH 7.6] and adjusted to 2 Â 10 6 cells/ml.
Recombinant protein production
Total RNA was extracted from human epididymis using TRIzol reagent (Qiagen, Hilden, Germany). An EPPIN cDNA (nucleotides 55-434) lacking part of the N-terminal secretory sequence was generated by reverse transcriptase-polymerase chain reaction (RT -PCR) using the total RNA as template. Two primers were designed for plasmid construction: forward primer, 5 0 -GTTCCCATGGTCCAGGGACCTGGTCTGA-3 0 (containing an NcoI site), and reverse primer, 3 0 -GTTCCTCGA GGGGAAAGCGTTTATTCTTGCAG-5 0 (containing a XhoI site). The amplified cDNA fragment was double digested by NcoI/XhoI and cloned into pET28a (þ) vector (a gift from Dr Zi-Chun Hua, the State Key Laboratory of Pharmaceutical Biotechnology, Department of Biochemistry, College of Life Sciences, Nanjing University, Nanjing, P R China). The plasmid was transformed into Escherichia coli strain TOP10 competent cells and the positive clone was validated by DNA sequencing, which was subsequently propagated in E. coli BL21 (DE3) host cells (Invitrogen, USA). Recombinant protein expression was induced by IPTG and purified on Ni-NTA agarose (Invitrogen, USA).
Sperm protein extracts
The highly motile sperm (1 Â 10 6 cells) were washed twice in PBS (137 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , pH 7.4) and centrifuged (500g, 5 min). The sperm pellet was resuspended in lysis buffer [7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 2% (w/v) dithiothreitol (DTT), 2 mM Na 3 VO 4 , 50 mM NaF, 10 mg/ml leupeptin, 10 mg/ml aprotinin] containing a protease inhibitor cocktail (Pierce, USA) and heating for 5 min at 1008C. After centrifuging (14 000g) at 48C for 20 min, the supernatant was collected and the concentration of extracted protein was determined by Bradford microprotein assay using BSA as the standard protein.
Western blots were performed on human sperm lysates to confirm the specificity of the anti-eppin antibody.
Antibody affinity and specificity
Immunoblotting was used to demonstrate the affinity of the anti-eppin antibody (Santa Cruz, CA, USA) for sperm protein extract and recombinant human eppin. Specificity of the anti-eppin antibody was assessed by pre-incubation with an excess (50 mg/ml) of the recombinant human eppin. Briefly, protein samples were boiled in sodium dodecyl sulfate (SDS)-PAGE sample buffer and resolved by SDS-PAGE followed by transfer to a PVDF membrane (Bio-Rad, Hercules, CA, USA). After transfer, the membranes were blocked in 5% non-fat milk in Tris-buffered saline (TBS; pH 7.4) supplemented with Tween-20 (0.1%, v/v) for 1 h before being incubated with rabbit anti-eppin antibody (1:1000, Santa Cruz, CA, USA) diluted in blocking solution at 48C overnight. Membranes were washed tree times in TBST and then probed with peroxidase conjugated goat anti-rabbit IgG (1:5000; Beijing ZhongShan Biotechnology Co., China) for 1 h at 378C. After washing, the specific signals were detected by enhanced chemiluminescence (ECL, Western blotting detection reagents. Amersham Life Science Limited).
Immunofluorescence analysis
The sperm prepared as described above were capacitated at a concentration of 2 Â 10 6 cells/ml for 2 h in BWW medium (Liu et al., 2002) , followed by induction the AR with calcium ionophore A23187. For immunofluorescence studies, sperm were pelleted by centrifugation (10 min at 2000 rpm), washed with PBS, smeared on slides and allowed to air-dry. Slides were then fixed with 4% paraformaldehyde in PBS for 30 min. The fixed sperm were placed in fluorescein isothiocyanate (FITC)-labeled pisum sativum agglutinin (PSA, Sigma, USA) for 1 h and then incubated with the anti-eppin antibody overnight. After incubation with goat anti-rabbit immunoglobulin conjugated to TRITC (Beijing ZhongShan Biotechnology Co.) at 1:100 for 1 h, the slides were washed in PBS, cover-slipped, and viewed with a ZEISS fluorescent microscope with a 100Âoil objective lens. Images were captured with a digital camera. Negative controls were performed by replacing the primary antibody with normal rabbit serum (Santa Cruz, USA). Specificity of the anti-eppin antibody was also assessed by pre-incubation with an excess (50 mg/ml) of the recombinant human eppin.
Evaluation of sperm motility, progressive motility
The effect of anti-eppin antibodies on sperm motility was monitored by a computer-assisted semen analyzer (IVOS; Hamilton-Thorn Research, Inc., Beverly, MA, USA). Highly motile sperm (2 Â 10 6 cells/ml) were incubated for 2 h with 400 mg/ml anti-eppin antibody (Santa Cruz, CA, USA) or 400 mg/ml normal rabbit IgG (Santa Cruz, CA, USA) at 378C, 5% CO 2 and 95% air. At the end of the incubation, the sperm concentration was adjusted to about 20 Â 10 6 cells/ml. A sample of 10 ml was transferred to a 10 mm thick Microcell for computer-assisted semen analysis (CASA) assessment. Progressive motility was defined as the percentage of sperm with average path velocity (VAP) .25 mm/s. For each sample, four to six fields with a mean total number of 280 sperm (range 235 -384) were evaluated.
Assessment of A23187-induced AR
To test the effect of anti-eppin antibodies on ionophore A23187-induced AR and spontaneous AR, the experiments were carried out as follows: uncapacitated or capacitated sperm were resuspended in BWW containing either different concentrations of anti-eppin antibody (1-400 mg/ml), or control antibody (400 mg/ml normal rabbit serum) and then were divided into two aliquots. One aliquot was exposed to calcium ionophore A23187 [(10 mM final), Sigma] to induce AR and the other was given no treatment as a control for spontaneous AR. Both were incubated at 378C, 5% CO 2 and 95% air for 30 min. A similar dilution of DMSO (Sigma) alone was added to the sperm suspension as a solvent control. Specificity of the anti-eppin antibody was assessed by pre-incubation with an excess (50 mg/ml) of the recombinant human eppin. After incubation, sperm viability and acrosomal status were evaluated using the supravital dye Hoechst 33258 (Sigma) and PSA-FITC (Sigma), respectively, as described by Hinsch et al. (1997) . At least 200 spermatozoa were counted in each smear and the percentage of live acrosome-reacted cells (Hoechst 33258-negative and no FITC-PSA label, respectively) was evaluated. The corrected calcium ionophore A23187-induced AR rate was calculated by subtracting the AR rate observed in samples not exposed to calcium ionophore A23187 (spontaneous AR rate) from the AR rate observed in samples exposed to calcium ionophore A23187.
Detection of tyrosine phosphorylation
To evaluate tyrosine phosphorylation, sperm proteins were extracted as follows: following incubation, spermatozoa were washed by centrifugation (500g, 5 min) in PBS. Proteins were extracted in sample buffer (62.5 mM Tris -HCl pH 6.8, 10% glycerol, 2% SDS, 5% x-mercaptoethanol, 0.01% bromophenol blue) and heated for 5 min at 1008C. Sperm proteins were separated by electrophoresis on 10% polyacrylamide-SDS gels, followed by transfer to a PVDF membrane (Bio-Rad, Hercules, CA, USA). Non-specific binding to membranes was blocked in 5% non-fat milk in TBST for 1 h at room temperature. Blots were incubated with the primary monoclonal anti-phosphotyrosine antibody, clone 4G10 (1:1000, Upstate Biotechnology Inc., Lake Placid, NY, USA), followed by incubation with goat anti-mouse secondary antibody conjugated with horseradish peroxidase at 1:1000 dilution and the specific signals were detected by ECL (Western blotting detection reagents. Amersham Life Science Limited).
To ensure that equal amounts of protein were loaded in each well of the gel, the same membrane was reprobed with a monoclonal anti-x-tubulin antibody (Wuhan Boster Biological Technology, China) using the same procedure. The intensity of the reactive bands was analyzed by densitometry scanning and the ratios of phosphotyrosine/ x-tubulin were calculated. Western blot analysis experiments were performed at least six times.
Measurement of intracellular free calcium concentration
The intracellular calcium ion concentration, [Ca 2þ ] i , of sperm was determined with fluo-3 AM (Invitrogen, USA) by flow cytometry (FACS Calibur; BD Biosciences Pharmingen). Briefly, capacitated sperm were loaded with fluo-3 AM (10 mM) at 378C for 20 min. After incubation, sperm were washed twice with BWW at 500 g for 5 min to remove any free fluo-3 AM. Fluo-3 AM-loaded sperm (10 6 cells/ml) were incubated with anti-eppin antibody (1-400 mg/ml), control antibody (400 mg/ml normal rabbit serum), or anti-eppin antibody absorbed with recombinant eppin protein and then exposed to calcium ionophore A23187 [(10 mM final), Sigma] at 378C, 5% CO 2 and 95% air for 30 min and [Ca 2þ ] i content was analyzed by flow cytometry. The fluorescence of fluo-3 was excited at 488 nm and measured with a 515 -540 nm filter. Photomultiplier tube voltages and gains were set to optimize the dynamic range of the signal. The fluorescence intensity of sperm was quantified for 10 000 individual sperm cells. In order to assess the effect of anti-eppin antibody on calcium levels during A23187 induced AR, a time course evaluation of the fluorescence signal from excitation at 488 nm was recorded by a Multi-function Microplate Reader (TECAN Infinite M200). For these experiments, preparation of Fluo-3 AM-loaded sperm was carried out as above, and the instrument was preheated to 378C. All experiments consisted of a 3-min control period in BWW before the antibody and A23187 were added. In most experiments, fluorescence intensity was read at intervals of 15 s. Raw intensity values were imported into Microsoft Excel and normalized using the equation
where R is normalized fluorescence intensity, F is fluorescence intensity at time t, and F rest is the mean of at least 10 determinations of F taken during the control period.
Statistical analysis
Data were expressed as means + standard error of the mean (SEM). An arcsine transformation of data from CASA and AR percentage were performed prior to testing for significance between treatment groups. Differences between experimental groups were assessed by one way analysis of variance. Statistical significant differences were determined at P , 0.05.
Results

Confirmation of anti-eppin antibody specificity
To address the specificity of the anti-eppin antibody, we tested it on the expressed recombinant human eppin and on lysates of human sperm. The antibody recognized the 15 kDa monomer and the 30 kDa dimer in the recombinant human eppin sample (Fig. 1 , lane 1). In human spermatozoa lysates, anti-eppin antibody recognized the presence of multimer forms of sperm eppin under reducing conditions (Fig. 1, lane 3, asterisks) . In contrast, no immunoreactivity was found using the antibody absorbed with recombinant protein (Fig. 1 , lane 2 and 4).
Localization of eppin in human spermatozoa
In uncapacitated human sperm, eppin appears to be predominantly localized over the entire cell, acrosome, equatorial segment and flagellum ( Fig. 2A -D) as previously described (Richardson et al., 2001) . This pattern of localization persisted following capacitation ( Fig. 2E -H) . Interestingly, eppin was located mainly on the equatorial segment and the flagellum in ionophore-treated (acrosome reacted) sperm (Fig. 2I-L) . No immunofluorescence was obtained when samples were processed in normal rabbit serum. Moreover, we failed to detect immunofluorescence in the spermatozoa after the primary antibody had been pre-incubated with recombinant human eppin (Fig. 2N) .
Eppin is involved in the AR induced by A23187
No significant effect of anti-eppin antibody on total sperm motility, or progressive motility was observed after 2 h incubation (Table I ) at a concentration of 400 mg/ml antibody. Since sperm capacitation is strictly associated with a rapid increase in tyrosine phosphorylation, we evaluated the effect of anti-eppin antibody on the tyrosine phosphorylation status of sperm proteins. An increase in tyrosine phosphorylation of a subset of proteins (60 -130 kDa) was observed over the 2 h period of incubation. However, the anti-eppin antibody had no effect on tyrosine phosphorylation (Fig. 3) .
As shown in Fig. 4A , the AR in response to A23187 was blunted when anti-eppin antibody was present from the beginning of capacitation. When antibody was added at the end of capacitation, the percentage of AR induced by A23187 was also inhibited (Fig. 4B) . At the concentration of 1 mg/ml, the anti-eppin antibody reduced the percentage of A23187 induced AR to 42.07 + 0.94% (P , 0.001 compared with control) and at the increased concentration of 400 mg/ml, this percentage was reduced further to 14.20 + 0.82%. (P , 0.001 compared with blank), whereas, normal rabbit IgG and anti-eppin antibody preincubated with recombinant human eppin had no effect. However, exposure to 1-400 mg/ml anti-eppin antibody had no effect on the spontaneous AR of sperm. The vehicle (A) Spermatozoa capacitated for 2 h in the absence or presence of anti-eppin antibody (400 mg/ml) or normal rabbit IgG (400 mg/ml) or antibody absorbed with recombinant eppin protein (Abs-A), added from the beginning of capacitation, were stimulated for 30 min with A23 187. (B) Capacitated spermatozoa were stimulated for 30 min with or without A23187 in the absence or presence of either anti-eppin antibody (1 -400 mg/ml) or normal rabbit IgG (400 mg/ml), or antibody absorbed with recombinant eppin protein (Abs-A). Bars above the figure show the agonist [SC (solvent control 20.05% DMSO); spontaneous AR (no agonist); 10 mM A23 187]. Data are mean + SEM of six experiments. *P , 0.05, **P , 0.001 versus blank.
for A23187 (0.05% DMSO) had no stimulatory effect. These results indicate that anti-eppin antibodies bound to eppin on the sperm surface block the sperm's ability to undergo the AR in response to A23187.
Effect of anti-eppin antibody on intracellular calcium
As shown in Fig. 5 , incubation with A23187 alone substantially increased the [Ca 2þ ] i level, compared with the control sperm. Interestingly, although anti-eppin antibody exerted no effect on the basal intracellular calcium levels, pre-incubation followed by treatment with the anti-eppin antibody significantly inhibited the A23187-induced elevation of [Ca 2þ ] i in a dose-dependent manner, whereas normal rabbit IgG and anti-eppin antibody preincubated with recombinant human eppin had no effect. Figure 6 shows that the [Ca 2þ ] i signal was composed of an initial transient elevation, which peaked within 30 s of A23187 application, and a sustained elevation, which persisted for at least 30 min. With addition of the anti-eppin antibody to the spermatozoa, we observed the sustained elevation in fluorescence was inhibited. Together, these results suggest that eppin may be involved in the signaling cascade leading to increased [Ca 2þ ] i during the AR.
Discussion
In this study, we localized human eppin before the AR over the whole spermatozoon including the acrosomal region of the head and the flagellum, which is consistent with the pattern identified by Richardson et al. (2001) . Subsequently, we investigated what effect capacitation and ionophore treatment have upon the pattern of localization of eppin. We showed for the first time that the predominant pattern of localization of eppin in sperm was maintained during capacitation ( Fig. 2E -H) and that eppin was located in the equatorial segment after ionophore treatment ( Fig. 2I-L) . The fact that eppin was not lost during capacitation implies that eppin may have a role during fertilization.
At low doses of anti-eppin antibody (400 mg/ml), our findings clearly demonstrate that anti-eppin antibody added during capacitation does not alter spermatozoa motility, as illustrated by our detailed CASA analysis. At higher concentrations (1 mg/ml) O'Rand et al. (2004 O'Rand et al. ( , 2009 ) demonstrated that anti-eppin antibodies from male monkeys inhibited human sperm progressive motility and caused reversible infertility. In addition to concentration effects, different antibodies recognize different epitopes. As described by O'Rand et al. (2004) , sera from the infertile male monkeys immunized with eppin recognized two predominant epitopes (N-terminal 20-38, C-terminal 101-125). The inhibition of motility by anti-eppin antibodies directed toward the C-terminal contraceptive epitope (amino acids 103-123) of eppin on the surface of spermatozoa confirms the importance of this site in regulating motility (O'Rand et al., 2009) . The commercial anti-eppin antibody used in this study is a polyclonal antibody raised against amino acids 11-110 mapping within an internal region of human eppin and may not recognize the C-terminal epitopes of eppin as mentioned above.
One interesting observation in this study is that anti-eppin inhibited the sustained increase in [Ca 2þ ] i concentration induced by A23187 regardless of whether the antibody was added at the beginning or end of capacitation. This observation implies that the antibody interfered only with the AR. In order to clarify the effect of anti-eppin antibodies on capacitation or the AR, we examined tyrosine phosphorylation during capacitation because tyrosine phosphorylation may be regarded as a marker of capacitation (Aitken et al., 1995; de Lamirande and Gagnon, 2002; Liguori et al., 2005) . Our data clearly demonstrate that eppin has an effect on the process of the AR induced by A23187, instead of capacitation, because a change of tyrosine phosphorylation of specific proteins during capacitation could not be detected by adding anti-eppin antibody. The A23187-induced AR is mainly due to the opening of calcium channels and thereby increasing calcium influx. A23187 increases the cAMP and PKA levels in spermatozoa (Lefièvre et al., 2002) and by-passes the initial signaling mechanism of the AR induced by the zona pellucida, which involves receptor-induced mechanisms (Breitbart and Spungin, 1997 Rotem et al., 1992; Spungin and Breitbart., 1996; Bonaccorsi et al., 1998) . In this study, addition of anti-eppin antibody has a concentration dependent inhibitory effect on [Ca 2þ ] i induced by A23187.
The N-terminal of eppin has a similar cysteine array to that of WAP proteins and some defensins (O'Rand et al., 2006; Hall et al., 2007) . Defensins are well-characterized cationic and hydrophobic molecules that allow them to insert into phospholipids membranes and to modulate membrane ion channels, and may be involved in fertilizationrelated functions. One such defensin is DEFB126 (ESP13.2), which is shed during capacitation (Yudin et al., 2003) ; a loss prerequisite to spermatozoa binding to the zona pellucida (Tollner et al., 2004) . Bin1b, another kind of defensin, promotes motility in immature spermatozoa from the caput epididymis by a mechanism dependent on activation of L-type Ca 2þ channels (Zhou et al., 2004) . Thus, eppin might interact with Ca 2þ channels in capacitated sperm, thereby enabling capacitated sperm to accumulate Ca 2þ , which is known to have a central role in facilitating the AR. In summary, our study demonstrates that eppin modulates the intracellular calcium levels and that anti-eppin can block the sperm AR induced by A23187. Further investigation is required to determine the signaling pathways affected by eppin. Intracellular Ca 2þ measurements in capacitated sperm showing increases induced by BWW alone (yellow); A23187 (black) and 400 mg/ml anti-eppin antibody with A23187 (red).
